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SUMMARY

An investigation of the two-dimensionsal aserodynamic characteristics
of an NACA 64A010 airfoil with a slat has been conducted in the Mach num-
ber range from 0.25 to 0.85, with a corresponding Reynolds number range
from 3.4 million to 8.1 million. Two femilies of slat positions were
investigated, one with the slat leading edge extended forward along the
alrfoil chord line, and the other with the slat extended forward and dis-
placed below the chord line.

The results indicate that for section 1ift coefficients up to 0.6,
the airfoll with the slat retracted generally was aerodynamically superior
to any of the other airfoil-slat arrangements investigated. The drags
with the slat nose on the extended chord line were only slightly higher
than the drag with slat retracted, whereas displacing the slet nose below
the chord line markedly decreased the drag-dlvergence Mach number. Above
0.7 section lift coefficient and at the higher test Mach numbers, the best
results were obtained with the slat nose on the externded chord line of the
airfoil,

] At the lower test Mach numbers, the highest meximum 1ifts were meas-
ured with the slat nose displaced below the wing chord line. At super-
critical speeds, however, adverse effects such as occur with cambered
airfoils resulted with the slat nose below the airfoil chord line. These
adverse effects were large increases in drag and in angle of attack for
zerc lift and large negative trim changes.

INTRODUCTION

High-1ift devices have been used extensively for improving the land-
ing and take-off performance of all types of airplanes. One of these
devices, the leading-edge slat, has been used to increase maximum 1ift and
lift-drag ratio and, also, to improve lateral stability and control at
high angles of attack by delaying the stall over the outer portions of the
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wing end ailerons. In recent years the use of slats and wing leading-edge
modiflcations has been directed at improving the characteristics of swept
wings at high speeds as well as at low speeds. Further research also
appears desirable on the development of slats for use on thin unswept
wings suitable for supersonic flight.

The low-gpeed investigation reported in reference 1 indicated that
the then generally accepted rules for slat design were not applicable to
thinner wings suitable for high-speed use. Further, the optimum slat
location varied widely with slat size and generally involved a compromise
between as large a maximum 1ift as possible and a minimum change in 1ift
at the prestall incldence for cpening of the slet. Additional two-
dimensional investigations of slets and leading-edge flaps are reported
in references 2 and 3. Although higher maximum 1ifts have generally been
obtained with slats than with the other leading-edge devices, insufficient
information 1s avallable concerning their relative merits, eapecially at
higher speeds. The present investigation was undertaken to provide infor-
mation on the behavior of slats on a two-dimensional alrfoil over a wide
range of subsonlc Mach numbers.

NOTATION
c airfoil chord length with slat retracted, ft
drag
ca gection drag coefficient, S
. 1ift
cy section 1ift coefficient, 8
Cn section pitching-moment coefficient referred to quarter-chord axis,
pltching moment
gSc
Cmg section pitching-moment coefficient at zero 1ift
M free-gtream Mach number
P pressure coefficient,
local static pressure - free-stream static pressure
a
AP incremental pressure coefficient, difference between pressure coef-

ficients for upper and lower surfaces

Per eritical pressure coefficient, corresponding to local sonic velocity
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free-gtream dynamic pressure, 1b/sq ft

q

5 area of airfoll with slat retracted, sq ft

X forward displacement of glat leading edge, ft

X chordwise coordinate of airfoil section, percent chord

Y downward displacement of slat leading edge below airfoil chord
line, ft

¥ local half-thickness ordinate of airfoil section, percent chord

Ao section angle of attack of alrfoil chord line, deg

5] angle between slat center line and airfoil chord line, deg

APPARATUS AND TESTS

Wind Tunnel and Model

The channel used for two-dimensional testing of airfoils and slats
in the Ames 16~foot high-speed wind tunnel is shown in figure 1. The
installation consisted essentially of two walls, each having a thickness
of 6 inches and being mounted vertically to form an 18-inch-wide, two-
dimensional channel, 16 feet high. The airfoil used in the present inves-
tigation had the NACA 64AOL1O section. The coordinates and details of the
airfoil and slat are shown in figure 2. The parting lines between the
main airfoil and the slat occurred at 4.7-percent chord on the lower sur-
face and at 17.0-percent chaord on the upper surface of the combination.
The model was mounted on the strain-gage balance shown schematically in

figure 3.

The spaces between the ends of the model and the walls were sealed
by sheets of cork faced with felt and held firmly against the walls by
inflatable neoprene bladders (fig. 3). The air pressure in these bladders
was regulated so as to introduce no measursble interference on the force
readings. The airfoil model had a span of 18 inches and a chord of 24
inches. The slat and airfoil were provided with one chordwise row of
statlic-pressure orifices connected to a mercury-filled manometer which
was photographed to obtain the pressure records.
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Precision
The estimated accuracies of the various sercdynamic results presented

in the figures are as follows:

M= 0.25 to 0.40 M = 0.50 to 0.85

cy +0.01 £0.007

eg +.005 “%.003

cm +.005 +.003

do +.1° +.1°

M +,0L +.01

P +.02 +.02
Tests

The Mach number range of this investigation was from 0.25 to 0.85
with a corresponding Reynolds number range from 3.4 million to 8.1 mil-
lion. The variation of average Reynolds number with Mach number 1s shown
in figure 4. The angle-of-attack range was from -4° to 20° at the lower
test Mach numbers but was limited by model strength at the higher Mach
numbers.,

No corrections have been applied to the results since it was found
that for the small ratio of model chord to tunnel height (0.125), the
tunnel-wall end blockage corrections to the force coefficients and Mach
number calibration were extremely small.

Al]l section force coefficients presented in this report were computed
from the balance measurements. Section normal-force coefficients computed
from integrations of the pressure distributione were in close agreement
wlth those from the balance measurements.

RESULTS AND DISCUSSION

Presentation of Results

All section force coefficients are presented in tables I through VIT,
Representative 1lift, drag, and pitching-moment results for a low and a
high subsonic Mach number are presented in figures 5, 6, and 7, respec-
tively. Because of model-strength limitations, maximum 1ifts were
obtalned at the lower speeds only. In most cases, however, resulis were
obtained up to section Lift coefficients where the drag-rise rates with
increasing 1ift and with increasing Mach number were failrly high. The
drag results are summarized in figure 8. The section pitching-moment
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coefficlents at zero lift are summarized in figure 9. Chordwise pressure
and loed distributions are presented in figures 10 and 11 for the airfoil
with the slat retracted and in positions D and F.

Lift

Meximum 11ft was obtained for all seven airfoll-slat arrangements
only at a Mach number of 0.40. The 1ift curves for Mach numbers of 0.k0
and 0.82 are presented in figure 5. The highest section 1ift coefficients
at low Mach numbers were obtained with the slat in position F, displaced
below the chord line. The increment in meximum section 1ift coefficient
produced by the slat at 0.40 Mach number was sbout 0.5. A greater
increase in maximum section 1ift coefficient was obtained in the investi-
gation reported in reference 2 with a similar model but with increased
downward displacement and deflection angle of the slat.

Displacing the slat nose below the airfoil chord line (positions

E, F, and G, fig. 2) resulted in the addition of positive camber to the
resulting airfoil-slat combination, while the resulting chord line through
the slat nose was rotated 3°9! below the reference chord line of the basic
airfoil., The net effect was an increase in the angle of attack for zero
1ift for the drooped slat arrangements, which, for example, amounted to
2° at 0.40 Mach number with the slet in poeition F. The adverse effects
of camber at supercritical speeds lncressed the zero 1lift angles, which,
for slat position ¥, incressed to 50 at 0.82 Mach mumber. Information on
the effects of camber on zero-lift angle and on stability and control at
high subsonic speeds may be found in reference k.

For slat positions B, C, and D, the reference chord line of the basic
eirfoil passed through the nosge of the airfoil-slat combination. However,
the different angle settings of the slat resulted in small camber effects
ag indicated in figure 5, where the angles of attack for zeroc 1ift at 0.40
Mach number varied from 1-1/2° for position B to 1/2° for position D.
These zero 1lift angles remained essentially constant over the test range
of Mach numbers., For independently operating slats, position D appears
to be the best of those investigated because it offers the possibility
of increasing the maximum section 1lift coefficients while providing = min-
imum change in 1ift at the angle of attack for openling of the slat, which,
in this case, should be around T° at 0.40 Mach number.

These results should not be interpreted as ruling out the incorpora-
tion of a limited amount of droop in a slat for use at higher speeds.
With regard to swept wings, extension of slats may improve the aerody-
namics of the wing as a result of changes in the plan form and in the
vorticity shed from the wing as well as from the changes in airfoil sec-
tion characteristics. These other effects must be considered when
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designing elats for use at high subsonic speeds on swept wings, but, as
yet, experimental investigation and existing results provide the only
means for evaluating their magnitudes.

The somewhat lower values of maximum section 1ift coefficlent
obtained for the basic airfoil with the slat retracted (position A) as
compared to those values shown in reference 5 for the same section may be
attributed to the dilscontinuity in profile which existed at the trailing
edge of the retracted slat. Agreement exlsts with those results in ref-
erence 5 for the airfoll with roughness added to the surface.

Drag

The drag polers in figure 6 and the summary curves in figure 8 indi-
cate that for sectlon 1lift coefficients up to about 0.6, the best drag
characteristics were obtalned with the slat retracted. The increases in
angle of attack for zero 1lift wilth increasing Mach number which were
noted for the drooped slat positions E, F, afid G were accompanied by large
increases in section drags, as indicated in figures 8(a) and 8(db).

The profile discontinulty at the trailing edge of the retracted slat
and possibly the effects of side-wall interference resulted in larger
values for the minimum section drag coefficient for the basic airfoll of
the present investigation as compared to that shown in reference 5.

For section 1ift coefficients of 0.8 and 1.0 (figs. 8(d) and 8(e)),
superlor drag characteristics were generally obtained with the slat in
positions D, E, and ¥, where large increases in the Mach number for drag
divergence were obtained. At 0.40 Mach number and .above a section 1lift
coefficient of 1l.1, the drag was least with the slat in position F. The
results for slat position E are especially interesting. As shown in fig-
ure 6, the smallest drags and the best lift-drag ratios at 0.40 Mach num~
ber between section 1ift coefficients of 0.7 and l.l were cbtained with
poslition E, which involved a closed gap and, consequently, no flow of.air
through the gap. In reference 6, emphasis is placed on the importance of
the energlzing effect atiributed to the air flowing through the gap and
acting to accelerate the boundary layer on the upper surface of the air-
foil. The results of the present investlgation are not explainable by
this approach, but suggest that a better concept of slat performence might
be gained from a consideration of the camber and loading effects produced
by the slat. This will be dlscussed further in the section on pressure
dlstribution.

Above 0,70 Mach number the best drag results at high section 1ift
coefficients were obtained with the slat on the extended airfoil chord
line in poslitions C and D. The latter position, however, appeared the
more promising of these two because of its better characteristics at Mach
numbers below 0,70 '
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Pitching Moment

Extending the slats caused a forward movement of the aerodynamic cen-
ter at all speeds. In the vicinity of maximm 1ift, the pitching moments
decreased abruptly wlth increasing angle of attack. The forward shift in
aerodynemic center can be attributed largely to the 9-percent increase in
chord and area produced by the forwardly extended slat. The results shown
in figure 9 indicate that drooping the slat produced a negative section
pitching moment at zero section 1lift similar to the negative force couple
which exists on a cembered airfoll near zero lift. The magnitude of the
negative section pitching-moment coefficient increased at the higher Mach
numbers, reflecting the changes in loading over the drooped slats and the
forward portion of the alrfoil.

Pregsure Distribution

Presgure distributions for several angles of attack snd for Mach nmm-
bers of 0.50, 0.70, and 0.80 are presented in figure 10 for the airfoil
with the slat retracted, in position A, and in positions D and F, which
were considered to be the most promising of each of the two types of slat
positlons investigated. The pressure distributions indicate that extend-
ing the slats with the airfoll at high angles of attack eliminated sepa-
ration, as evidenced by the greater pressure recovery on the upper surface
near the trailing edge of the airfoil, and increased the pressure on the
lower surface of the airfoil. The chordwise distributions of loading
shown in figure 11 illustrate more clearly than does figure 10 the gain
in 1ift over the slat and the forward portion of the airfoll at high
angles of attack.

The adverse effects of the drooped slats at the lower angles of
attack are evidenced in both figures 10 snd 11 by the reversed or down-
ward loads which occurred on the slat 1n position ¥F. The air flow broke
awvay from the abrupt profile discontinuity on the lower side of the slat
and remained detached over the forward half of the lower surface of the
airfoil. This detached flow appears to have been the primary cause of
the large drag at low section lifts noted for the drooped slat arrange-
ments.

As shown in figure 10(a), at s Mach number of 0.50 and for angles of
attack of 12° and 16°, somewhat higher local velocities occurred around
17-percent chord on the upper surface of the ailrfoil when the slats were
deflected to positions D or F than occurred with the slat retracted. This
appears to be primerily a functlon of the loading on the slat which car-
ries over onto the airfoil., As shown in most of the pressure distribu-
tions in figure 10, the locsl pressure coefficients exceeded the critical
value in the, vicinity of the trailing edge of the slat, indicating the
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occurrence of local supersonlc velocitles. The subsonic stream of air
which passed through the gep had & decelerating effect on the loecal air
flow, As may be seen in figure 10(c) at angles of attack of 6° and 8°,
the local velocities downstream of the deflected slat were less than
those on the airfoil with the slat retracted.

The orlentation of the slat with respect to the alrfoil determined
the path followed by the boundary lsyer which developed on the upper sur-
face of the slat. This boundary leyer elther flowed onto and mixed with
the boundary layer on the upper surface of the airfoll or it may have been
discharged as a wake passing above the sirfoil. The former would tend to
have occurred with the slat positions Involving small or negative deflec-
tion angles and closed or very small gaps, such as wlth positions B and E.
The slat boundary layer mlght be expected to have been shed as & wake
removed from the airfoil surface when the slat was oriented so as to have
larger deflection angles and larger gaps, a8 exemplified by positions D,
F, and G. For these latter positions, the boundary layer present at low
speeds on the upper surface of the airfolil at positive angles of attack
might be assumed to have originated in the slot rather than at the slat
leading edge. At higher speeds a sonic throat existed between the airfoil
and the slat trailing edge. It is conceivable that an lmprovement in slat
performance at supercritical speeds might have been reslized by shaping
the slot so to have discharged a supersonic Jet whose veloclty more nearly
epproximated the local air veloclty leaving the upper surface of the slat,
Generally speaking, however, the loading and camber effects of slats and
the accompanying influences on chordwise pressure gradient provide a
clearer and more direct approach to an understanding of slat behavior than
does the consideration of boundary-layer energization from the air flowing
through the gap.

Further research appears both necessary and desirsble on slats and
leading-edge chord extensions for high-speed use. Worthy of attention
would be slats and leading-edge devices which involved less droop and cor-
respondingly less camber than those suggested by existing design criteria
(ref. 1). Attention should be directed at determining the effects of
these leading-edge devices on wings of finite span in addition to assessa-
ing their influences on the airfoll section characteristics.

CONCLUDING REMARKS

The results of the investigation of a slat In several different posi-
tions on s two-dimensional NACA 64A010 airfoil may be summarized as
follows:

Over the entire Mach number range from 0.25 to 0.85, the airfoil with
the slat retracted was generally aerodynamically superior to any of the
other airfoll-slat srrangements for section 1ift coefficients up to 0.60.
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At the lower Mach numbers, the highest meximum section 1ift coef-
ficients and the largest 1lift-drag ratios at high angles of attack were
obtained with the slat extended forward but with its nose displaced below
the extended chord line of the airfoil (positions E and F). At the higher
Mach numbers, adverse aerodynamic changes resulted with. those slat
arrangements. These adverse changes which occurred at the higher Mach
numbers consisted of large increases in section drag, increased angle of
attack for zero 1lift, and increasingly negative section pitchlng moments.

For section 1lift coefficients above 0.80 and for the widest range
of test Mach numbers, the best aerodynamic characteristics were obtained
with the nose of the slat on the extended chord line of the airfoll
(position D).

The increased maximum 1ifts and lift-drag ratios at the higher angles
of attack which were obtained with the slats extended msy be attributed
primarily to the lncreased loading carried by the slat and the forward
portion of the airfoil and to the greater pressure recovery on the upper
surface of the airfoil. The energizing effect on the boundary layer on
the upper surface of the airfoil which is often attributed to the stream
of air flowing through the gap appeared to be of secondary importance in
determining slat performance.

Ames Aeronautical Laboratory
Netional Advisory Committee for Aeronautics
Moffett Field, Calif., Jan. 20, 195k
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TABLE V.- SLAT POSITION E
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TABLE VI.- SLAT POSITION F
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TABLE VII.- SLAT POSITION G
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Figure 1.~ Airfoil installed between the two~dimensional walls.
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NACA 64A0/0 airfoil
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Slat extended along chord line

é Sl/at extended ond drooped
E4A0C/0 airfoil . _
coordinates Slatl parting line =T ” -
X )% X ¥ Star | A& L ELL S |48
% chord % chord % chord (% chord | P77 | € | € ¢
[7] Q 470 | -2.20 A cloel o to* ¢ a
.gg .gg ;ég -;.gg B .09\ 0 | 0 *+.00/|-84°|t].0°
: . : B . 1002(-3.3° |11 0°
S ey ¢ loelo o 2002ka 57 07
250 | .69 6.00 | -0.03 Fogloe] 0 200 85°1%.0°
500 | 232 70Q | 074 > 5 7 o400
70.00 | 3.20 85.00 7.37 F  |.09|.06\.0/5 *.002| /4.5°|22.0
15.00 | 3.8/ 10.00 | 2.12 G |.08).06\.0302.002| 19.5°122.0°
20.00 | 4.27 12.00 2.7/ VW
3000 | 484 14.00 3.2/ '
g.gg—g Zgg ﬁggg %—g%— *These increments are the variations
€0.00 | 4.02 * * possible from the normal values due
70.00 | 3./2 fo bracket deflections, clearances, efre.
80.00 | 2./10 .. _
8000 | /.06
100.00 .02
L.ER=0688

Figure 2~ Airfoil coordinales and s/at deltails.
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Figure 3.~ Model support end strain-gage balance.
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Figure 5~ Lift characteristics of the NACA 64A40/0 airfoil with several
slat positions at low and high subsonic Mach numbers.
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Note: Flogged symbols denote lowsr surface.
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Nofe: Flagged symbols denote lower surfoce.
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Figure I.- Chordwise load distributions for airfoil-slat combinations A, D, and F.
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